conventional canola meal (CM-CV; Liu et al., 2014; Berrocoso et al., 2015; Parr et al., 2015) . Canola meal also provides significant quantities of P and Ca to diets Rodríguez et al., 2013) , but some Ca and more than 60% of total P in canola meal is bound to phytate (NRC, 2012) . However, the digestibility of P in CM-HP has not been reported.
Different temperatures may be applied to canola meal during processing, and high-temperature processed canola meal (CM-HT) may have reduced phytic acid concentrations compared with canola meal processed at a lower temperature (low-temperature processed canola meal [CM-lT] ; Satoh et al., 1998) . It is, therefore possible that CM-HT has greater digestibility of Ca and P than CM-LT, but this hypothesis has not been experimentally verified.
Because of the relatively high concentration of phytic acid in canola meal, microbial phytase may improve Ca and P digestibility (Adeola and Cowieson, 2011; González-Vega et al., 2013; She et al., 2015) . However, to our knowledge, effects of graded levels of microbial phytase on apparent total tract digestibility (ATTD) of Ca and P and standardized total tract digestibility (STTD) of P in CM-HP, CM-HT, or CM-LT have not been reported. Therefore, the objectives of this experiment were to determine effects of graded levels of microbial phytase on the ATTD of Ca and P and the STTD of P in CM-HP, CM-HT, and CM-LT and to compare these values with values obtained in CM-CV and soybean meal (SBM). The second objective was to develop regression equations to predict the response of microbial phytase on STTD of P in each of these ingredients.
MATERIAlS And METHodS
The protocol for the experiment was reviewed and approved by The Institutional Animal Care stand Use Committee at the University of Illinois (UrbanaChampaign, IL). Pigs used in the experiment were the offspring of G-Performer boars and F-25 sows (Genetiporc Inc., Alexandria, MN).
Pigs, Diets, Feeding, and Sample Collecting
The ingredients used in this experiment were from the same batches as those used by Liu et al. (2014) . The canola meals were produced from canola seeds that were grown within a narrow geographical area in British Colombia, Canada. One source of high-protein canola and 2 sources of conventional canola seeds were used. However, 1 of the 2 sources of conventional canola seeds was divided into 2 separate batches and processed at 2 different temperatures. Thus, a total of 4 different sources of canola meals were produced using the prepress solvent extraction process. The desolventizer-toaster temperature for producing CM-HP, CM-LT, and CM-CV was between 91 and 95°C, but the temperature used for producing CM-HT was between 99 and 105°C. During processing, the desolventizer-toaster temperatures were automatically monitored. The SBM was a commercial solvent extracted source of dehulled SBM that was obtained from Dupont Nutrition and Health, Solae LLC (Gibson City, IL).
A total of 120 growing barrows (16.2 ± 5.3 kg initial BW) were allotted to a randomized complete block design with 20 diets and 6 replicate pigs per diet. There were 3 blocks of 40 pigs and 2 replicates of each diet within each block. Pigs were housed in stainless steel metabolism crates (0.69 by 0.79 m) that were equipped with a feeder and a nipple drinker and fully slatted metal floors with diamond-shaped openings (1.5 by 4.0 cm). Below the slatted floor, a screen floor (1.4 by 1.4 mm openings) was installed to allow for total collection of fecal material from each pig.
Five diets were formulated using either CM-HP, CM-HT, CM-LT, CM-CV, or SBM as the sole source of P and AA, and these diets contained no microbial phytase (Tables 1 and 2 ). Three additional diets with Total 100.00 100.00 100.00 100.00 100.00
1 For each ingredient, 3 additional diets were prepared by including microbial phytase (Optiphos 2000; Enzyvia, Sheridan, IN) at the expense of cornstarch to create diets containing 500, 1,500, or 2,500 phytase units/ kg. Thus, a total of 20 diets were prepared with the 5 ingredients and 4 concentration of phytase.
2 CM-HP = high-protein canola meal; CM-HT = high-temperature processed canola meal (processed at 99 to 105°C); CM-LT = low-temperature processed canola meal (processed at 91 to 95°C); CM-CV = conventional canola meal; SBM = soybean meal. each ingredient were prepared by adding approximately 500, 1,500, or 2,500 phytase units (FTu) of microbial phytase (Escherichia coli; Optiphos 2000; Enzyvia, Sheridan, IN) per kilogram of diet, and the phytase was included at the expense of cornstarch. Therefore, a total of 20 diets were used. All diets were formulated to contain similar quantities of total P and Ca. Principles for diet formulations were similar to those previously used in experiments conducted to determine digestibility of P and effects of microbial phytase on P digestibility in canola meal (Rodríguez et al., 2013; Adhikari et al., 2015; Maison et al., 2015) . However, because all P in the diets was provided by canola meal or SBM and canola meal contains more P than SBM, the inclusion of SBM was greater than the inclusion of canola meal. As a consequence, AA concentrations were different among diets and the concentration of some AA in the canola meal diets was less than what is required to maximize growth of pigs (NRC, 2012) .
Diets were arranged in a 5 × 4 factorial design with 5 ingredients and 4 concentrations of microbial phytase for each ingredient. The quantity of feed provided per pig daily was calculated as 2.5 times the estimated requirement for maintenance energy (i.e., 197 kcal ME/kg 0.60 ; NRC, 2012) for the smallest pig in each replicate and divided into 2 equal meals that were provided at 0700 and 1600 h. Water was available at all times. The experiment lasted 12 d. The initial 7 d was considered an adaptation period to the diet, whereas feces were collected during the following 5 d according to the marker-to-marker approach (Adeola, 2001) . Fecal samples were stored at −20°C immediately after collection. At the conclusion of the experiment, fecal samples were dried in a forced-air oven at 65°C for 5 d and ground through a 1-mm screen in a Wiley mill (model 4; Thomas Scientific, Swedesboro, NJ).
Chemical Analyses
Feed ingredients were analyzed ( stachyose, fructose, and glucose (Janauer and Englmaier, 1978) . International, 2007) . Diet samples that were collected at the time of mixing and fecal samples were analyzed in duplicate for concentrations of DM, Ca, and P as described for the ingredients. Diets were also analyzed for phytase activity (Phytex Method, version 1; Eurofins Nutrition Analysis Center, Des Moines, IA).
Calculations and Statistical Analyses
The concentration of phytate P in each ingredient was calculated as 28.2% of phytate (Sauvant et al., 2004) , and nonphytate P was calculated as the difference between the concentration of total P and phytate P. Values for ATTD of Ca and P and STTD of P were calculated in each diet (Almeida and Stein, 2010) using an assumed basal endogenous loss of 190 mg/kg DMI as suggested (NRC, 2012) . Because canola meal or SBM was the only P-contributing ingredient in each diet, the ATTD and STTD of P also represent the ATTD and STTD values for each ingredient. Normality of data was confirmed and outliers were tested using the UNIVARIATE procedure in PROC MIXED in SAS (SAS Inst. Inc., Cary, NC). Data were analyzed by ANOVA using PROC MIXED. The model included diet, phytase, and the interaction between diet and phytase as fixed effects and replicate as a random effect. Least squares means were calculated using a least significant difference test, and means were separated using the PDIFF statement and adjusted with the Bonferroni correction. Effects of adding graded levels of phytase to each ingredient were analyzed by linear and quadratic contrasts. Analyzed concentrations of phytase in the diets were used in these analyses, and coefficients for the unequally spaced concentrations of supplemental phytase were obtained using the IML procedure in SAS. Within each ingredient, regression equations to predict the responses of microbial phytase on the STTD of P were generated by PROC REG in SAS. Pig was the experimental unit for all calculations, and an α level of 0.05 was used to assess significance among means. If the P-value was between 0.05 and 0.10, responses were viewed as tendencies.
RESulTS
The analyzed activities of phytase in the CM-HP diets were <70, 317, 1,400, and 2,233 FTU/kg ( Table 2) . The analyzed activities of phytase in the CM-HT and CM-LT diets were <70, 547, 1,633, and 2,833 FTU/kg and 113, 697, 1,633, and 2,167 FTU/kg, respectively. The 4 CM-CV diets contained <70, 973, 1,933, and 2,267 FTU/kg of phytase and the 4 SBM diets contained <70, 597, 1,333, and 2,133 FTU/kg of phytase.
No differences in DMI were observed among treatments (Table 4) . Inclusion of phytase did not affect Ca 1 The CM-HT was processed at a temperature between 99 and 105°C and CM-LT was processed at a temperature between 91 and 95°C.
2 AEE = acid hydrolyzed ether extract.
3 ND = nondetectable.
4 Calculated as 28.2% of phytate (Sauvant et al., 2004) .
5 Calculated as the difference between phytate P and total P. 1 The CM-HT was processed at a temperature between 99 and 105°C and CM-LT was processed at a temperature between 91 and 95°C.
2 FTU = phytase units.
3 STTD = standardized total tract digestibility. Values for STTD of P were calculated by correcting ATTD values for basal endogenous loss. The basal endogenous P loss was assumed to be 190 mg/kg DMI (NRC, 2012). intake of pigs fed the CM-HP, CM-HT, or CM-LT diets, but phytase influenced (P < 0.05) the Ca intake of pigs fed the CM-CV and SBM diets (interaction, P < 0.05). Calcium output from pigs fed the SBM diets were less (P < 0.05) than from pigs fed the other diets, but there were no differences in Ca output among pigs fed the CM-HP, CM-HT, CM-LT, or CM-CV diets. Pigs fed the CM-HP diets had greater (P < 0.05) P intake than pigs fed the CM-CV diet without phytase, but no differences in P intake were observed among pigs fed the other diets (interaction, P < 0.05). The P output from SBM was less (P < 0.05) than from all canola meal diets. The ATTD of Ca in the SBM diets was greater (P < 0.05) than in all other diets, and the ATTD of Ca in CM-HP was greater (P < 0.05) than in CM-CV, but no difference in the ATTD of Ca between the CM-HT and CM-LT diets was observed. Pigs fed the SBM diet had greater (P < 0.05) ATTD and STTD of P than pigs fed all canola meal diets if no phytase was added to the diets. However, adding phytase to the diets improved (P < 0.05) the ATTD and STTD of P in the 5 ingredients to a different extent (interaction, P < 0.05), but no differences were observed for the ATTD and STTD of P among SBM, CM-HP, CM-HT, and CM-CV if the greatest dose of phytase was used.
Addition of microbial phytase to the diets decreased (linear, P < 0.05) Ca output and increased (linear, P < 0.05) the ATTD of Ca in the CM-HP, CM-HT, CM-CV, and SBM diets and tended to decrease (quadratic, P = 0.079) Ca output in the CM-LT diet. Microbial phytase also decreased (linear, P < 0.05) P output and increased (linear and quadratic, P < 0.05) the ATTD and STTD of P in pigs regardless of the ingredients included in the diets.
The quadratic response for the STTD of P to addition of increasing levels of microbial phytase to CM-HP is described by the following equation: STTD of P (%) = 50.47 + 0.022 FTU − 0.00000396 FTU 2 (R 2 = 0.72; Fig. 1 ).
For CM-HT, the following equation was developed: STTD of P (%) = 39.53 + 0.044 FTU − 0.0000122 FTU 2 (R 2 = 0.80; Fig. 2) .
For CM-LT, the following equation was generated: STTD of P (%) = 42.01 + 0.045 FTU − 0.0000136 FTU 2 (R 2 = 0.77; Fig. 3) .
For CM-CV, the following equation was generated: STTD of P (%) = 46.69 + 0.035 FTU − 0.00001003 FTU 2 (R 2 = 0.73; Fig. 4) .
The following equation describes the response to phytase on the STTD of P in SBM: STTD of P (%) = 68.92 + 0.030 FTU − 0.00000938 FTU 2 (R 2 = 0.80; Fig. 5 ).
These equations may be used to predict the STTD of P in CM-HP, CM-HT, CM-LT, CM-CV, and SBM with inclusion of any amount of phytase that is less than 2,233, 2,833, 2,167, 2,267, and 2,133 FTU/kg, respectively.
dISCuSSIon

Composition of Ingredients
Canola is the registered name for rapeseed that is grown in North America and contains less than 2% of the total fatty acids in the oil as erucic acid and less than 30 μmol of alkenyl glucosinolates per gram of oilfree DM of the seed, and canola meal is the residual product that is left after oil is extracted from the seeds (Bell, 1993; Favero et al., 2014) . Soybean meal is the major protein source used in diets for pigs (Stein et al., 2008) , but the demand for SBM is rapidly increasing due to the continued increase in the global production of livestock and poultry, and as a consequence, possible alternative sources of protein for swine are needed ( Cotten et al., 2016) . Canola meal is the second most commonly used protein source for animal diets in the world (Arntfield and Hickling, 2011; Parr et al., 2015) , but use of canola meal in diets for pigs is limited by the greater concentration of dietary fiber and reduced AA digestibility compared with SBM (Trindade Neto et al., 2012; Liu et al., 2014) . However, new varieties of canola with larger seeds than conventional canola have been developed (Landero et al., 2012; Liu et al., 2014; Sanjayan et al., 2014) , and the concentration of CP in the meal from these varieties is increased and the concentration of NDF is reduced (Liu et al., 2014) .
Analyzed concentrations of CP and AA in CM-CV and SBM used in this experiment were in agreement with reported values (González-Vega and Stein, 2012; NRC, 2012) . As expected, CP was greater and the concentration of NDF and ADF was less in CM-HP than in CM-CV. The greater concentration of glucosinolates in CM-HP compared with CM-CV is in agreement with previous observations (Berrocoso et al., 2015; Parr et al., 2015) . Concentrations of total and phytate P in CM-CV (Maison et al., 2015; NRC, 2012) and SBM (Dilger and Adeola, 2006; Goebel and Stein, 2011) were also in agreement with published values.
Effects of Graded Levels of Microbial Phytase on the Standardized Total Tract Digestibility of P
Phosphorus is the second most abundant mineral in the pig body (Viveros et al., 2002) and is involved in mineralization of bone tissue and metabolism of carbohydrates, fat, and nitrogenous compounds and is important in transmembrane transport of metabolites (Weremko et al., 1997) . Canola meal and SBM have relatively high concentrations of P, and although most of that P is bound to phytate, inclusion of microbial phytase will result in most of the P in canola meal and SBM becoming available for pigs (Rodríguez et al., 2013; Maison et al., 2015; Sotak-Peper et al., 2016) . The STTD of P in CM-CV without phytase obtained in the current experiment is within the range of values observed in previous experiments (Rodríguez et al., 2013; Maison et al., 2015) . Results of this experiment indicating that the STTD of P in canola meal is close to 80% if more than 2,000 FTU of phytase is used, which provides further evidence of the positive effects of phytase on the STTD of P in canola meal.
During conventional processing, canola seeds are preheated prior to flaking, flakes are then cooked to separate oil and protein, and initial oil removal takes place using a mechanical press (Unger, 2011) . To remove additional oil, solvent extraction is used, and the resulting, deoiled meal is then desolventized using a toaster at a temperature that does not exceed 107 to 110°C. To avoid heat damage of the meal, some plants use lower temperatures in the desolventizing process, but the impact of lower temperatures on digestibility of P has not been reported. However, in distiller's dried grains with solubles, increased heating results in increased digestibility of P by broiler chickens (Amezcua and Parsons, 2007) , but we are not aware of any data demonstrating effects of processing temperatures on the STTD of P in canola meal. We therefore hypothesized that reduced temperatures used in canola processing may result in reduced digestibility of P, but the current results indicate that within the range of temperatures used in this experiment, no differences in STTD of P was observed.
Although the STTD of P in canola meal is less than in SBM, the greater concentration of total P in canola meal results in greater concentration of digestible P in canola meal than in SBM. Canola meal, therefore, contributes a significant amount of digestible P to diets for pigs, and the need for supplementing P from feed phosphates is, therefore, reduced if canola meal rather than SBM is included in diets. As demonstrated in this experiment, if microbial phytase is included in the diets, the utilization of P from canola meal is relatively high, further increasing the amount of digestible P the pigs may obtain.
The concentration of phytate P in the canola meal used in this experiment was between 0.82 and 1.14%, which is within the range of reported values (NRC, 2012; Maison et al., 2015) . The dose-dependent reduction in fecal P output as a result of inclusion of microbial phytase in the diets, regardless of the diet used, clearly indicates that microbial phytase is effective in hydrolyzing the phosphorus ester bond between P and phytate (Guggenbuhl et al., 2007; Augspurger et al., 2009) , which results in increased absorption of P and increased STTD values for P.
To our knowledge, this is the first time the ATTD and STTD of P in CM-HP have been determined. However, the lack of any differences in the STTD of P between CM-HP and CM-CV demonstrates that the P in these 2 ingredients will be digested to the same degree, and this observation implies that digestibility values and responses to phytase obtained with CM-CV may be extrapolated to CM-HP.
The observation that the STTD of P in SBM without phytase was greater than in all the canola meals without phytase is a result of the greater percentage of P in canola meal that is bound to phytate compared with the P in SBM, as was illustrated by the chemical analysis of the ingredients. The fact that there was no difference in the STTD of P among SBM, CM-HP, CM-HT, and CM-CV at the greatest inclusion level of phytase further demonstrates that the main reason for the reduced STTD of P in canola meal without phytase is that most of the P is bound to phytase. The observation that microbial phytase decreased P output and increased the STTD of P in pigs regardless of the ingredient is in agreement with previous data (Rodríguez et al., 2013; Rojas et al., 2013; Maison et al., 2015; Sotak-Peper et al., 2016) and confirms the effectiveness of microbial phytase in hydrolyzing the ester bond between phytate and P.
Effects of Graded Levels of Microbial Phytase on the Apparent Total Tract Digestibility of Ca
Phytate in plant feed ingredients may bind up to 6 atoms of Ca and promote the formation of Ca-phytate complexes, which reduces the ATTD of Ca in those ingredients . Canola meal has a relatively high concentration of Ca compared with other plant feed ingredients commonly used in diets for pigs . The increased ATTD of Ca and the reduced Ca excretion that was observed as microbial phytase was included in the diets demonstrates the effectiveness of phytase in hydrolyzing the Ca-phytate bond and is in agreement with previous data . The reduced ATTD of Ca in diets containing CM-HP or CM-CV compared with diets containing SBM is likely a result of the greater concentration of phytate in canola meal than in SBM.
Whereas all the P in all diets was furnished by canola meal or SBM, some of the Ca originated from the limestone that was added to the diets. The values for ATTD of Ca in the diets, therefore, represent the ATTD for a mixture of Ca from limestone and Ca from canola meal or SBM. However, Ca from limestone may bind to phytate from canola meal when the feed reaches the stomach of the animals, and microbial phytase, therefore, may increase the ATTD of Ca in limestone . As a consequence, the observed increase in ATTD of Ca as a result of addition of microbial phytase to the diets is likely a result of an increase in the ATTD of Ca from both canola meal and limestone.
Regression Equations
Regression equations were generated to predict responses of microbial phytase on the STTD of P in canola meal and SBM. The intercept value indicates the predicted STTD of P for the ingredient with no phytase. The observation that the quadratic terms for increased inclusion of phytase were significant for all ingredients indicates that addition of phytase to SBM or canola meal results in a linear-plateau response for the STTD of P, as is also indicated in Fig. 1 to 5 . The reason for this response is most likely that as more bonds between P and phytate are hydrolyzed, less P can be released by additional phytase and at some point, no more P will be released regardless of the quantity of phytase in the diet. A similar response was previously reported for addition of phytase to diets based on corn or corn germ (Almeida and Stein, 2012) and also for diets based on corn and SBM (Almeida et al., 2013) . The regression equations obtained in this experiment for SBM, CM-CV, and CM-HP most likely are also representative for other sources of these ingredients, but validation of the equations with different sources of SBM, CM-CV, and CM-HP is needed before wider usage is recommended.
In conclusion, results of the present experiment demonstrate that the response to microbial phytase on the STTD of P in CM-HP canola meal is similar to that in CM-CV and that inclusion of approximately 1,500 FTU microbial phytase will result in STTD values of approximately 75% for both CM-HP and CM-CV. Inclusion of more than 2,000 FTU of phytase to CM-HP, CM-HT, or CM-CV will result in STTD values of P that are not different from the STTD of P in SBM, indicating that if enough phytase is added to canola meal, the bond between P and the inositol ring of phytate may be hydrolyzed. The regression equations that were developed from the results of this experiment may be used to predict the response to graded levels of phytase added to SBM, CM-HP, or CM-CV.
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